Purpose: Non-invasive early accurate detection of malignant breast cancer is paramount to the clinical management of the life-threatening disease. Here, we aim to test a small peptide targeted MRI contrast agent, ZD2-Gd(HP-DO3A), specific to an oncoprotein, extradomain-B fibronectin (EDB-FN), in the tumor microenvironment for MR molecular imaging of breast cancer. Method: EDB-FN expression in 4T1 and MDA-MB-231 cancers was analyzed with quantitative real-time PCR and western blot. Primary and metastatic triple negative breast cancer mouse models were developed using 4T1 and MDA-MB-231 cells. Contrast-enhanced MRI was carried out to evaluate the use of ZD2-Gd(HP-DO3A) in detecting 4T1 and MDA-MB-231 primary and metastatic tumors. Results: EDB-FN was abundantly expressed in the extracellular matrix (ECM) of both the primary and metastatic TNBC tumors. In T 1 -weighted MRI, ZD2-Gd(HP-DO3A) generated superior contrast enhancement in primary TNBC tumors than a nonspecific clinical agent Gd(HP-DO3A), during 30 min after contrast injection. ZD2-Gd(HP-DO3A) also produced a significant increase in contrast-to-noise ratio (CNR) of TNBC metastases, enabling sensitive localization and delineation of metastases that occulted in non-contrast-enhanced or Gd(HP-DO3A)-enhanced MRI. Conclusions: These findings potentiate the use of ZD2-Gd(HP-DO3A) for MR molecular imaging of malignant breast cancers to improve the healthcare of breast cancer patients.
INTRODUCTION
Metastatic breast cancer is resistant to the standard treatments and primarily responsible for cancer mortality (1-3).
Accurate early detection and characterization of malignant and metastatic breast cancer is critical to tailor effective treatments for this life-threatening disease. Non-invasive sensitive imaging of both primary and metastatic tumors will also provide timely assessment of therapeutic efficacy and image guidance for precise therapy and interventions. Mammography and ultrasonography are the commonly used imaging modalities for clinical management of breast cancer. However, these modalities lack the sensitivity and specificity for early detection and risk-stratification of aggressive breast cancer with metastatic potential (4) . Magnetic resonance imaging (MRI) provides superior resolution of soft tissues and has demonstrated better sensitivity in detecting breast tumors than mammography and ultrasound (5) . Gd(III)-based contrast agents are routinely used in MR imaging of breast cancer. However, currently available contrast agents are not specific to tumors and unable to provide accurate early detection of aggressive breast cancer and metastases. There is an unmet clinical need for novel MRI contrast agents capable of early detection of aggressive breast cancers and their micrometastases.
Development of targeted MRI contrast agents for specific imaging of cancer is challenging because of the low sensitivity of MRI and low concentration of molecular targets on cancer cells, especially for highly aggressive triple negative breast cancer (TNBC), which is characterized by the loss of cell markers commonly used for cancer targeting (6, 7) . TNBCs are also heterogeneous in nature, making it difficult to find a common cell marker to image all cancers (8) . To overcome the challenges of targeting cell biomarkers for molecular MRI, we have been focused on targeting the abundant oncoproteins in the tumor microenvironment in the past decade (9) (10) (11) (12) . Aggressive tumors have a unique microenvironment that facilitates cancer cell proliferation and invasion. Design-and development-targeted contrast agents specific to the abundant oncoproteins in tumor microenvironment have a great potential to improve the effectiveness of molecular MRI for early accurate detection of aggressive breast cancer, noninvasively monitoring tumor progression and metastases and timely assessing of tumor response to therapies.
Fibronectin is one of the abundant extracellular matrix (ECM) proteins. Fibronectin serves as a central organizer of a variety of ECM components and modulate ECM remodeling during cancer progression (13) . Previously, we have shown that a targeted contrast agent, CREKATris(Gd-DOTA) 3 , specific to fibronectin-fibrin clots, was able to produce significant contrast enhancement for detecting breast micrometastases smaller than 0.5 mm in diameter with high-resolution MRI (14) . Recently, we have designed and developed a peptide-targeted small molecular contrast agent, ZD2-Gd(HP-DO3A), specific to extradomain-B fibronectin (EDB-FN), an oncofetal isoform of fibronectin generated by alternative splicing of fibronectin pre-mRNA (15) . EDB-FN contains an extra type III domain insertion between III 7 and III 8 domain, leading to conformational changes related to fibronectin matrix assembly (16) . EDB-FN overexpression is a marker of epithelial-to-mesenchymal transition (EMT) (17) , a biological process associated with cancer metastasis and drug resistance (18) . It is highly expressed in the ECM of aggressive prostate tumors of high metastatic potential, low in low-risk prostate tumors of low metastatic potential (15) . ZD2 was discovered by screening short peptides affinitive to EDB using phage display technique (19) . We have shown that ZD2-Gd(HP-DO3A) is able to detect aggressive prostate cancer with high metastatic potential and to differentiate aggressive tumors from slow-growing prostate tumors with low metastatic potential in MRI (15) .
In this study, we investigated the potential of molecular MRI with ZD2-Gd(HP-DO3A) for detection of aggressive breast cancer and metastases. We hypothesize that EDB-FN is abundant in the ECM of malignant breast tumors and allows easy access and specific binding of a sufficient amount of the targeted MRI contrast agent for effective MR molecular imaging. Murine 4T1 TNBC cells (20, 21) and human MDA-MB-231 TNBC cells were used to develop primary and metastatic TNBC mouse models. The elevated expression of EDB-FN was determined in the cancer cells and tumor tissues. The effectiveness of molecular MRI with ZD2-Gd(HP-DO3A) in delineating primary TNBC tumors and distant metastases was investigated with tumor models.
METHODS

Materials and cell culture
All reagents used were of the highest grade commercially available. Reagents for chemical synthesis were purchased from Sigma-Aldrich (Saint Louis, MO) unless otherwise stated. The fluorescence imaging probe, ZD2-Cy5.5, and MRI contrast agent, ZD2-Gd(HP-DO3A), were synthesized and characterized as previously described (15) . The firefly luciferase-expressing cell line, 4T1-GFPLuc, breast cancer cells was acquired from PerkinElmer (Waltham, MA) and cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (5,000 U/mL, Thermo Fisher Scientific, Waltham, MA). MDA-MB-231 cells were acquired from American Type Culture Collection (ATCC, Rockville, MD). To stably express firefly luciferase, MDA-MB-231 cells were transfected with pNifty-CMV-luciferase, followed by selection with Zeocin (500 mg/mL). 4T1-GFP-Luc and MDA-MB-231-Luc cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (5,000 U/mL, Thermo Fisher Scientific). Cells were cultured in an incubator maintained at 37 C and 5% CO 2 .
Quantitative real-time PCR 
Western blot
The 4T1 primary and metastatic tumor tissues (30-100 mg) were collected from orthotopic 4T1 tumor models constructed as described previously (14) . Tumors were homogenized in 200-500 mL T-PER buffer (Thermo Fisher Scientific) supplemented with the protease inhibitor cocktail (Sigma-Aldrich) and PMSF (phenylmethanesulfonyl fluoride) (Sigma-Aldrich). After centrifugation at 10,000 Â g for 10 min at 4 C, the supernatant of the lysates was collected and the protein concentration quantified using BCA assay (Bio-Rad, Hercules, CA). The 4T1 tumor lysates have been used in a previous study (14) . Proteins of 25 mg were resolved using SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes (Invitrogen, Carlsbad, CA), and incubated with the anti-EDB-FN antibody (BC-1, Abcam, Hercules, CA). After washing with TBST, fluorescein-conjugated antimouse secondary antibody was applied. For visualization of b-actin, the fluorescein-conjugated anti-b-actin antibody was used. The Typhoon trio scanner (GE Healthcare) was used for visualization of EDB-FN and bactin bands using the channel for fluorescein.
3D culture and peptide binding study
The 3D culture of 4T1 and MDA-MB-231 cells was used to evaluate binding of the EDB-targeting probe to breast cancer cells within a tumor microenvironment. The 3D Matrigel culture was prepared as described previously (22) . Briefly, Matrigel (3.6-4.4 mg/mL) diluted with PBS was pipetted onto a glass bottom plate and allowed to gel at 37 C for 30 min. A thick Matrigel layer was formed. Cells were then seeded into the plate. After 5 days, fluorescence dye-labeled peptides (200 nM) were added to the medium and incubated with the 3D spheres for 1 h. Confocal laser scanning microscopy (Olympus FV1000, Japan), was used to image the 3D spheres. Intensive shaking was avoided during peptide binding and imaging.
Primary and metastatic breast cancer models
All animal studies were carried out in accordance to guidelines by the Institutional Animal Care and Use Committee (IACUC) for Case Western Reserve University. The 4T1 breast cancer models was prepared by injecting 3 million cells into the mammary fat pad of Balb/c mice, 4-6 weeks of age. The MDA-MB-231 model was developed by injecting 3 million cells subcutaneously into the flank of mice. The 4T1 metastatic tumor model was developed by injecting 1 million cells into the left ventricle of the heart. Bioluminescence imaging was used to monitor the growth of metastatic tumors in whole body after intraperitoneal injection of D-Luciferin (Gold Biotechnology, St Louis, MO). At $3 weeks after injection, mice were used for MRI. MDA-MB-231 metastatic tumor was constructed as described previously (23) . Briefly, MDA-MB-231 cells, which were stimulated with TGFb and engineered to express luciferase, were engrafted in the mammary fat pad of female nude mice. Primary tumors were resected at week 9 and growth of metastatic tumors were monitored with BLI after injection of DLuciferin. Mice bearing metastases were used for MRI and fluorescence imaging at week 16.
Ex vivo fluorescence imaging
MDA-MB-231 and 4T1 tumor-bearing mice were subjected to injection of 10 nmol ZD2-Cy5.5 or CREKACy5.5. At 4 h post-injection, the mice were sacrificed using cervical dislocation, with tumor and normal tissues dissected. Images of the organs were examined using the Maestro Imaging System (Caliper Life Sciences, Waltham, MA) and a yellow filter set with exposure time of 1000 ms. GFP signal from the tumor was recorded using a blue filter set and exposure time of 500 ms.
Histological analysis
Following the ex vivo fluorescence imaging, tumors and normal tissues were embedded in optimal cutting temperature compound (OCT) and kept frozen at À80 C until further use. Tissue slides were prepared after cryosectioning the tissues at 5-mm thickness. Tissue slices were fixed with 5% PFA, permeabilized with Triton-X, and blocked with 1% BSA. BC-1 antibodies were then used to incubate the tissue for 1 h. The ProLong Gold mounting medium was then used to mount the coverslip.
MRI
The Bruker Biospec 7T MRI scanner (Bruker Corp., Billerica, MA) equipped with a volume radio frequency coil was used for in vivo MRI. Mice bearing 4T1 or MDA-MB-231 tumors were anaesthetized with 2% isoflurane. A 30-gauge needle connected with a 1.6-m tubing was fixed into the tail vein. Mice were then placed in the magnet and kept under anesthesia with 1.5% isoflurane. Body temperature was maintained at 36 C by blowing warm air into the magnet. For primary tumor, an axial T 1 -weighted multi-slice multi-echo sequence was used with the following parameters: field of view, 3 cm; slice thickness, 1.2 mm; interslice distance, 1.2 mm; pulse repetition time, 500 ms; echo time, 8.1 ms; flip angle, 90 ; average, 2; matrix size, 128 Â 128. A dose of 0.1 mmol/kg was injected through the tail vein. For imaging of metastases imaging, a high-resolution fat suppression 3D T 1 -weighted FLASH sequence with respiratory gating was used. The parameters were as follows: pulse repetition time, 25 ms; echo time, 2.8 ms; average, 3; flip angle, 15
; in-plane field of view: 6 cm; slab thickness, 18 mm; resolution, 0.1172 Â 0.0976 Â 0.562 mm; scan duration with respiratory gating, 20 min. A dose of 0.2 mmol/kg was used for imaging metastatic tumors in accordance to the previous study (14) . For CNR analysis, the regions of interest of tumor were selected as the whole tumor regions. The CNR of tumors in the MR images was calculated using the following equation: CNR ¼ (S tumor À S normal )/(s), where S tumor and S normal denote the signal in tumor and its surrounding normal tissue, respectively, and s is the standard deviation of noise estimated from the background air. For MRI of primary tumors and 4T1 metastatic tumors, each mouse was scanned once with either ZD2-Gd(HP-DO3A) or Gd(HP-DO3A). For MRI of MDA-MB-231 metastatic tumors, one mouse was imaged with ZD2-Gd(HP-DO3A), followed by imaging with Gd(HP-DO3A) on the next day.
Statistical analysis
Data are expressed as mean 6 standard error of mean. Statistical significance between two groups was evaluated by two-tailed unpaired t-test. Differences with Pvalue of < 0.05 were considered statistically significant.
RESULTS
Upregulated EDB-FN is a marker of breast cancer of high metastatic potential
To validate EDB-FN as a molecular target for imaging malignant breast cancer, EDB-FN upregulation was measured in post-EMT 4T1 and MDA-MB-231 breast cancer cells stimulated by TGFb. TGFb is known to induce EMT and transform epithelial breast cancer cells into invasive mesenchymal cells. As shown in Figure 1a , EDB-FN mRNA levels increased in TGFb-treated 4T1 and MDA-MB-231 cells, consistent with the role of EDB-FN as a marker of EMT (17) . EDB-FN was also highly expressed in 4T1 tumor tissues (Supporting Fig. S1 ). Metastatic 4T1 tumors demonstrated even higher EDB-FN expression than that of primary tumors. Negligible EDB-FN expression was seen in normal tissues and organs, including the brain, lung, and liver. The expression of EDB-FN in 3D culture of 4T1 cells was also assessed with a ZD2 peptide fluorescence probe, ZD2-Cy5.5, which specifically bound to EDB-FN. The 3D culture of 4T1 cells was a close mimic of the micrometastases in secondary organs. As shown in Figure 1b , ZD2-Cy5.5 bound to the entire 4T1 3D spheres and their periphery because of EDB secretion into the ECM and periphery of spheres. Binding specificity of ZD2 peptide to EDB-FN was also verified with a control peptide probe CREKA-Cy5.5. CREKA is a pentapeptide binding to the fibronectin-fibrin clots in the microenvironment of aggressive tumors (9) . As shown in Figure 1b , there was no binding of CREKA-Cy5.5 to 3D culture of 4T1 breast cancer cells, indicating no formation of fibronectin-fibrin complexes in 3D spheres, which also validated the specific binding of ZD2 peptide. Taken together, the results suggest EDB-FN is highly secreted by post-EMT breast cancer cells and in aggressive breast tumors and is a promising molecular target abundant in tumor ECM for effective MR molecular imaging of metastatic breast cancer.
MR molecular imaging of TNBC primary tumors
The effectiveness of the EDB-FN specific contrast agent, ZD2-Gd(HP-DO3A), for MR molecular imaging was first tested in mice bearing primary 4T1 breast tumor xenografts. The binding of ZD2-Cy5.5 in green fluorescence protein (GFP)-labeled 4T1 primary tumor model was assessed by ex vivo fluorescence imaging (Fig. 2a) . At 4-h post-injection, substantially high signal was seen in tumors, whereas signal in the normal tissues and organs was low, suggesting that the EDB-FN targeting probe preferentially accumulated in 4T1 tumors. Immunohistological analysis of the tumor sections showed the co-localization of ZD2-Cy5.5 signal with EDB-FN expression, as probed by an anti-EDB-FN antibody, which distributed in the ECM of tumor in a fibrillary pattern (Fig. 2b) . Figure 3a shows the representative axial MR images of 4T1 tumors acquired with a T 1 -weighted spin-echo sequence before and after intravenous injection of ZD2-Gd(HP-DO3A) at a dose of 0.1 mmol/kg. No apparent contrast could be observed between 4T1 tumors and normal tissues in pre-injection images. At 10-min post-injection, prominent contrast enhancement was visible in the periphery of 4T1 tumors. Contrast enhancement then gradually increases in the inner tumor tissue because of the diffusion of the contrast agent into the tumor (Fig.  3a) . Nonspecific signal from surrounding normal tissues decreased over time because of the clearance of the unbound agent. High tumor contrast-to-noise ratio (CNR), $200% increase from pre-injection, was maintained for at least 30 min post-injection (Fig. 3b) . In comparison, the administration of a nonspecific clinical contrast agent Gd(HP-DO3A) only resulted in some contrast enhancement mainly in the tumor rim, with <50% increase in whole tumor CNR (Fig. 3b) .
High expression of EDB-FN was also confirmed in MDA-MB-231 primary tumors by the strong binding of ZD2-Cy5.5 in the tumors as shown by fluorescence imaging (Supporting Fig. S2 ). Consistently, strong contrast enhancement was also observed in the 2D spinecho MR images of MDA-MB-231 primary tumors for at least 30 min after intravenous injection of ZD2-Gd(HP-DO3A), while much less signal enhancement was observed in the tumors injected with Gd(HP-DO3A) (Fig.  4a) . The signal enhancement was confined in the tumor rim and did not produce significant increase in whole tumor CNR after normalizing signal increase in normal tissues. Because the targeted agent bound to the oncoprotein highly expressed in the extracellular matrix of aggressive tumors, it resulted in robust signal enhancement across the whole tumor and 300% increase of CNR in MDA-MB-231 TNBC tumors at 10-min post-injection, which gradually reduced to 100% at 30 min (Fig. 4b) . Much less CNR increase was observed in MDA-MB-231 tumors contrast enhanced with Gd(HP-DO3A). CNRs of both 4T1 and MDA-MB-231 tumors remained high ($100-200% increase) at 30 min after injection. Collectively, these data have demonstrated superior efficacy of ZD2-Gd(HP-DO3A) for MR molecular imaging of primary TNBCs as compared to the clinical agent Gd(HP-DO3A).
MR molecular imaging of TNBC metastases
Intracardial injection of 4T1-GFP-Luc cells in the left ventricle induced tumor metastases in various organs as revealed by bioluminescence imaging (Fig. 6 ). The metastatic tumor formation and binding of ZD2-C5.5 were verified by ex vivo fluorescence imaging of after injection of the targeted fluorescence probe. Strong binding of ZD2-Cy5.5 co-localized with the GFP labeled 4T1 metastases, including micrometastases, in different organs and tissues. Brain and lung micrometastases were prominently highlighted by ZD2-Cy5.5 (Fig. 5a ). Larger metastases in the lymph node and adrenal gland also showed robust binding of the peptide probe, while little binding was seen in the normal muscle (Fig. 5b) . The results indicate the specific binding of ZD2 peptide to the metastatic tumors.
Intravenous injection of ZD2-Gd(HP-DO3A) (0.2 mmol/ kg) resulted in strong signal enhancement in 4T1 metastatic tumors. Figure 7a shows the representative whole-body high-resolution MR images, where the head was not covered, acquired after the contrast injection. Significant contrast enhancement was observed in the metastatic tumors in the lymph nodes and adrenal glands, which correlated well with the tumor locations revealed by bioluminescence imaging (Fig. 7a) . Subtraction of pre-contrast images from the post-contrast images clearly delineated the location and size of these tumors (Fig. 7a) . Consistently, a substantial CNR increase was observed in these metastatic tumors ( Fig. 7b and Supporting Fig. S3 ). In comparison, the clinical agent Gd(HP-DO3A) was unable to detect any metastatic tumors in MRI (Fig. 7a) . There was no statistical difference between the CNRs in the pre-injection tumors and postinjection tumors with Gd(HP-DO3A) (Fig. 7b) .
The effectiveness of ZD2-Gd(HP-DO3A) for molecular MRI of metastases was further investigated in mice bearing MDA-MB-231 metastases labeled with a luciferase reporter gene. Strong binding of ZD2 peptide to MDA-MB-231 metastases was verified with ex vivo fluorescence imaging and ZD2-Cy5.5 (Supporting Fig. S4 ). Intravenous injection of ZD2-Gd(HP-DO3A) resulted in substantial signal enhancement in metastatic tumors, which correlated well with the tumors localized by bioluminescence imaging (Fig. 8) . The clinical agent Gd(HP-DO3A) did not produce visible contrast enhancement in the metastatic tumors of the same mouse ( Fig. 8 and  Supporting Fig. S5 ). Taken together, these results have demonstrated that MR molecular imaging of EDB-FN with ZD2-Gd(HP-DO3A) is effective for non-invasive detection of both the malignant primary breast cancers and metastases, including micrometastases, in the tested tumor models.
DISCUSSION AND CONCLUSIONS
Early accurate detection and characterization of breast cancer is critical for physicians to tailor precise treatment of aggressive tumors at the treatable stage to improve therapeutic outcome. Currently, metastatic status of breast cancer is predominantly characterized by biopsy-based histology for staging, treatment planning, and assessing treatment response. Contrast-enhanced MRI is also routinely used in the clinical management of breast cancer. High-resolution MRI of the breast is advantageous over other imaging modalities, including mammography, ultrasound, and PET, for detecting and characterizing breast cancer at the earliest possible stage. However, because of the lack of safe and effective tumorspecific contrast agents, clinical application of MRI is limited as a screening tool only in women at high risk based on family history and a genetic predisposition, such as BRCA mutation (24) . Development of a safe and effective targeted contrast agent with tumor specificity and the ability to identify breast cancer with metastatic potential could significantly improve accuracy of early detection of malignant breast cancer with MRI.
Here, we have demonstrated the effectiveness of ZD2-Gd(HP-DO3A) for MR molecular imaging of both primary and metastatic breast tumors in animal models. ZD2-Gd(HP-DO3A) is a small peptide targeted macrocyclic contrast agent targeting an abundant oncoprotein in the ECM of aggressive tumors. The small size of ZD2-Gd(HP-DO3A) facilitates extravasation, tumor penetration, and rapid clearance of unbound agent from the circulation via renal filtration. The highly stable macrocyclic Gd chelate ensures a better safety for clinical use (15) . ZD2-Gd(HP-DO3A) has a relaxivity of 3.7 mM À1 s À1 at 7T, which is $35% higher than that of Gd(HP-DO3A) (2.75 mM À1 s À1 ) (15, 25) . However, the improvement on contrast enhancement brought by ZD2-Gd(HP-DO3A) is much higher than the increase of relaxivity of this targeted agent. The abundant EDB-FN expressed in the tumor ECM is more accessible to the intravenously injected contrast agent than the cell-surface or intracellular biomarkers for effective MR molecular imaging. Consequently, specific binding of the targeted agent to the ECM protein produces robust signal enhancement across whole tumor, whereas the clinical agent could only result in some nonspecific signal enhancement in tumor rim. The specific expression of EDB-FN in malignant tumors also minimizes nonspecific background enhancement in normal tissues. As a result, a sufficient amount of the targeted agent binds to malignant tumors to generate detectable signal enhancement to overcome the lowsensitivity of MR molecular imaging. The specific binding of ZD2-Gd(HP-DO3A) also allows prolonged imaging window (as least 30 min post-injection), whereas nonspecific signal enhancement from non-targeted agents only lasts for a few minutes in the tumor rim or other nontargeted tissues. Specific prolonged enhancement window will allow the clearance of unbound agents from untargeted tissues to provide specific tumor imaging and detection. This is a significant advantage of the molecular MRI with targeted contrast agents for specific cancer molecular imaging. Our technique has great potential to address the limitation of current imaging modalities for high-resolution, non-invasive, and specific detection of metastases in whole body. In our study, accurate tumor detection, particular in whole body, may be affected by the experience of the reader because of some background contrast in blood vessels, gastrointestinal regions, etc. Additionally, whole-body metastasis imaging normally takes longer duration because of the requirement of larger field of view and spatial resolution, which may compromise the accuracy of metastasis identification because of motion artifacts. However, this could be addressed by proper design of imaging protocols (e.g., focused MRI scans on the tissues and organs of high metastatic potential) and section-by-section scans of the whole body. Further comprehensive work is necessary to optimize the imaging protocols and image analysis criteria to facilitate accurate identification of small tumors. Effective MR molecular imaging of the oncoprotein has the potential to extend the current MRI techniques based on morphological features (2, 26, 27) for broad applications in clinical management of breast cancer.
Because the extradomain B fragment is conserved in all mammalian species, MRI contrast enhanced with the targeted agent was able to delineate both human and murine TNBC, including both primary and metastatic tumors. This corroborated the broad applicability of the contrast agent. Numerous clinical studies have demonstrated that the high expression of EDB-FN in breast cancer is associated with poor survival of the patients (28) . TNBC represents a subclass of highly aggressive breast cancer with high metastatic potential and poor survival (29) . EDB-FN had a higher expression in post-EMT cancer cells and metastatic tumors, consistent with the notion that it is a marker of EMT, a biological process associated with metastasis and drug resistance. Consequently, MR imaging of EDB-FN with ZD2-Gd(HP-DO3A) could effectively detect and delineate post-EMT aggressive breast cancers and distant metastases. Because EMT is involved in many types of cancer, and EDB-FN overexpression is also observed in these cancers (30) (31) (32) , MRI with ZD2-Gd(HP-DO3A) is promising for imaging a large array of cancers.
Molecular MRI with our targeted MRI contrast agent has a potential for risk stratification of breast cancer. Our previous study has shown that MR molecular imaging of EDB-FN with ZD2-Gd(HP-DO3A) has the potential to non-invasive characterize the aggressiveness of prostate cancer (15) . The ability of our targeted MRI contrast agent for cancer risk-stratification could expand the role of molecular MRI in clinical management of breast cancer (21, 33, 34) . Accurate and non-invasive localization and risk-stratification of malignant breast cancer has the potential to spare many patients from painful and invasive biopsies that exacerbate quality of life. Early and accurate localization of metastases, including micrometastases, could also enable non-invasive assessment of treatment response and tumor relapse, allowing for timely tailoring beast possible treatment strategies.
In summary, we have shown that the EDB-FN specific contrast agent, ZD2-Gd(HP-DO3A), improves sensitivity of molecular MRI in detecting TNBC primary and metastatic tumors. Molecular MRI with ZD2-Gd(HP-DO3A) has great potential to overcome limitations of contrast enhanced MRI in detecting aggressive breast tumors and micrometastases. This could facilitate accurate staging, prognosis, image-guided therapy, and therapeutic efficacy assessment in breast cancer management. The high expression of EDB-FN in other types of cancer also opens up avenues for the use of this imaging technology for diagnosis of a broad-spectrum of cancers (32, 35) . Clinical translation of the targeted MRI contrast agent has the potential to provide more accurate detection and characterization of breast cancer.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Western blot images showing the relatively higher EDB-FN expression in 4T1 metastatic tumors in comparison to that in primary tumor and normal tissues. b-actin was used as a loading control. Fig. S2 . Representative ex vivo fluorescence imaging of tumor and organs from mice bearing MDA-MB-231 primary breast cancer xenografts. Numbers denote: 1, tumor; 2, muscle; 3, brain; 4, heart; 5, lung; 6, liver; 7, spleen; 8, kidney. 
